ABSTRACT: Carbon enjoys a vast number of allotropic forms, each possessing unique properties determined by the lattice structures and bonding characters. Here, based on first-principles calculations, we propose a new three-dimensional carbon allotrope-hC28. We show that hC28 possesses exceptional energetic, dynamical, thermal, and mechanical stability. It is energetically more stable than most other synthesized or proposed carbon allotropes. The material has a relatively small bulk modulus, but is thermally stable at temperatures as high as 2000 K. The structural, mechanical, x-ray diffraction, and electronic properties are systematically investigated.
Introduction
Carbon, one of the most abundant elements in the universe, has never ceased to amaze and surprise us. Due to its ability to form versatile sp hybridized bonds, carbon can generate a vast number of allotropic forms [1] [2] . The most well-known are diamond with sp 3 bonding, graphite (and graphene) with sp 2 bonding, as well as fullerenes with mixed bonding characters [3] . The different structures and bonding characters can lead to dramatically different properties among these carbon materials. For example, while diamond is one of the hardest materials, graphite can be easily exfoliated and hence used as lubricants. As another example, graphene [4] -a single layer of carbon atomspossesses extraordinary electronic mobility [5] and thermal conductivity [6] , whilst diamond is a good insulator. Thus, the carbon materials provide a clear demonstration of the structure-activity relationship [7] . This also indicates that determining the precise microstructure of carbon allotropes is very critical.
The first-principles density functional theory (DFT) calculations have been proved to be a powerful tool in determining the microscopic atomic structures. Although advanced experimental techniques such as scanning tunneling microscopy (STM), Xray/electron diffraction, and tunneling electron microscopy (TEM) can directly image the microscopic structures, each has its limitations and often it is difficult to resolve small structural distortions in practice, especially if the sample is not of a single crystalline phase. For such cases, DFT calculations will play a crucial role in clarifying the correct ground state structure. Furthermore, DFT studies can predict new structures, particularly when combined with structural search algorithms [8] [9] [10] .
Many new carbon allotropes have been predicted in the past [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . Some of them have been successfully verified, or related to previously unknown phases in experiment [12, 22] .
Meanwhile, carbon allotropes have been shown to provide a unique platform for realizing novel topological band structures. In so-called topological metals or semimetals, novel quasiparticles emerge at protected band crossing points, giving rise to condensed matter realization of many exotic fermions, such as Weyl fermions [23] [24] , Dirac fermions [25] [26] [27] , nodal-loop/nodal-chain fermions [28] [29] [30] [31] [32] , nodal-surface fermions [33] [34] [35] , and etc. While a majority of works in the field have been focused on materials involving heavy elements, expecting that nontrivial band topology could be driven by the strong spin-orbit coupling (SOC), the carbon materials offer a distinct alternative.
Because of the negligible SOC strength, spin can be considered as a dummy degree of freedom for carbon materials (unless magnetism appears), and the emergent fermions can be regarded as "spinless" or "spin-orbit-free" fermions, which are fundamentally distinct from the "spinful" fermions in spin-orbit-coupled systems [36] . Indeed, several examples have already been proposed, such as the 2D Dirac fermions in graphene [5, 37] , the 3D Weyl fermions and the nodal-loop fermions in nanostructured carbons [29, [38] [39] , the triple-point fermions and Hopf-link fermions in 3D pentagon carbon [21] , and the nodal-surface fermions in graphene networks [33] . Owing to the large number of carbon allotrope structures with different crystalline symmetries, one expects that more exotic fermions are waiting to be explored in carbon.
In this work, we propose a new three-dimensional (3D) carbon allotrope, termed as honeycomb-carbon-28 (denoted as hC28), which has exceptional stability and hosts novel spin-orbit-free emergent fermions. This study is also motivated by a recent experiment which synthesized a new carbon structure by using carbon sublimation method [40] . In that study, a 3D honeycomb carbon model was proposed as the candidate structure for the synthesized material [40] . As shown in Figure 1 (b), this structure (denoted as S1 structure) is built from carbon atoms exclusively with sp bonding, and it can be viewed as patches of graphene nanoribbons (running along caxis) connected at junction lines, forming a super honeycomb structure in top view.
Subsequent experimental and theoretical studies have revealed many interesting properties of this material [41] [42] [43] [44] [45] [46] [47] [48] [49] . However, the microscopic structure for the material has not been fully clarified. Later, in a brief comment [50] , it was suggested that after relaxation, structure S1 will transform into the structure shown in Figure 1 (c) (denoted as S2 structure) [12] , in which bonds form between the C atoms on the junction lines, such that these atoms tend to become sp 3 hybridized. Our proposed hC28 structure, shown in Figure 1 (d), is closely related to the structures S1 and S2.
Focusing on the junction line atoms, S2 can be viewed as a result of dimerization of these atoms as compared with S1, and the junction lines dimerize in a symmetric manner. In comparison, in hC28, the dimerization occurs in an asymmetric pattern between neighboring junction lines. We show that hC28 is energetically more stable than structures S1 and S2, and in fact better than most other carbon allotropes. By investigating the phonon spectrum, we find that structure S1 is unstable and both S2 and hC28 are dynamically stable. We further perform ab-initio molecular dynamics (AIMD) simulations and find that S1 will transform into hC28 at room temperature, whereas hC28 can be stable even at 2000 K. We systematically study the structural, mechanical, and x-ray diffraction properties for hC28, and compare them with other carbon allotropes. In addition, we show that the electronic band structure for hC28
features several novel spin-orbit-free emergent fermions, including the quadraticcontact-point fermions, birefringent Dirac fermions, as well as triple-point fermions.
They will lead to interesting unconventional features in physical properties, such as magnetic response or magneto-transport. Given the exceptional stability of hC28, it is very likely that it is the true structure for the material synthesized in Ref [40] . Our work not only offers a highly promising candidate structure for experiment, it also reveals the extraordinary properties of this new structure, which may find great potential in future applications.
Computational methods
Our first-principles calculations are based on the density functional theory (DFT) using the plane-wave pseudopotentials [51] [52] as implemented in the Vienna ab initio
Simulation Package (VASP) [53] [54] . The exchange-correlation functional is modeled in the generalized gradient approximation (GGA) with the Perdew-Burke-Ernzerhof (PBE) [55] realization. Carbon k-point mesh [56] for the structural optimization, and with 7 × 7 × 15 mesh for the electronic structure calculations. The convergence criteria for the total energy and ionic forces are set to be 10 -8 eV and 10 -6 eV/Å, respectively. Phonon spectra calculations are performed using the Phonopy package [57] . In our AIMD simulations, the NVT canonical sampling is performed by integrating the equations of motion at 0.5 fs time intervals, and the temperature is controlled via a Nosé -Hoover thermostat [58] [59] . At each time step, the total energy is evaluated to an accuracy of 10
eV/atom using a plane-wave energy cutoff of 500 eV. 
Results and discussion

Lattice structure
The lattice structure for hC28 is schematically shown in Figure 1 highlight the bonding features between two junction-line atoms.
Energetic and dynamical stability
The proposed hC28 structure has a lower total energy as compared to S1 and S2. In terms of total energy for the unit cell in Figure 1 (b-d), hC28 is 3.724 eV lower than S1 and 0.840 eV lower than S2. This demonstrates that hC28 is energetically the most stable one among the three candidate structures. Figure 3 shows the calculated total energy versus volume per atom for hC28 compared to other carbon phases, including S1 [40] , S2 [12] , oC16 [60] , 3D-C5 [21] , bco-C16 [61] , graphite, M-carbon [62] , and diamond. Among them, diamond is in an all-sp 3 bonding network, hC28, S2 and oC16 carbon are in a mixed sp 2 -sp 3 bonding network, and the other carbon structures are all-sp 2 bonding networks. As shown in Figure 3 , while hC28 is higher in energy than diamond and graphite, it is energetically more favorable than all other carbon phases examined here. This demonstrates the exceptional stability of the proposed structure. The equilibrium volume for hC28 is larger than most other carbon phases, and slightly smaller than S1 and S2, indicating its lower atomic density. By fitting the calculated total energy versus volume curve to
Murnaghan's equation of state, we obtain a bulk modulus of 155 GPa for hC28, which is much smaller than the values for diamond (~450 GPa) and graphite (~280 GPa), consistent with its lower atomic density. The key equilibrium structural parameters for hC28 and other carbon phases are listed in Table 1 for comparison. Next, we investigate the dynamical stability of the structure, which can be inferred from the phonon spectrum. Figure 4 shows the phonon spectra of the three structures hC28, S1, and S2. Obviously, a branch with huge imaginary frequency can be observed for S1 in Figure 4 (b), indicating that the structure is dynamically unstable.
As we show below, the S1 structure will transform into the hC28 structure at finite temperature, and the transformation is associated with the distortion of the junction line configuration. In comparison, the phonon spectra for both hC28 and S2 show no imaginary frequency modes [see Figure 4 (a, c)]. Thus, these two structures are dynamically stable. The highest phonon frequencies for hC28 and S2 are 1591 cm -1 and 1613 cm -1 , respectively, which are close to that of graphite (~1610 cm -1 [63] ). Figure 4 Calculated phonon spectra for the structures (a) hC28, (b) S1, and (c) S2.
Thermal stability and transition energy barrier
To further examine the thermal stability of hC28, we perform the AIMD simulations at 300 K. The simulations for other two structures S1 and S2 are also done for comparison. As illustrated in Figure S -1, we observe that hC28 retains its integrity throughout the simulation period, showing that it is stable at room temperature. In fact,
we have also performed the simulation at elevated temperatures up to 2000 K and found that hC28 remains to be stable, indicating that hC28 indeed has excellent stability.
For the other two structures, we find that S2 is also stable at 300 K, but S1 is not. A closer look shows that under thermal fluctuation, the junction-line atoms in S1 would soon re-arrange and dimerize and automatically transform into the hC28 structure. Since both hC28 and S2 are metastable and they are closely related structures, we also investigate the transition energy barrier between the two phases. It is evaluated by using the climbing image nudged elastic band (Cl-NEB) technique [65] [66] . As illustrated in Figure 6 , the phase transition is mainly related to the re-arrangement of the carbon atoms on the junction lines. Here, two configurations for hC28 are chosen to be the initial and final states (see Figure 6 ), and S2 is chosen to be one of the transition states.
The result shows that the transition energy barrier is fairly large ~2.1 eV per unit cell, much larger than the energy difference between hC28 and S2 (~0.87 eV). Thus, hC28
and S2 each is expected to be stable at room temperature, and there is unlikely to be automatic transformation (or resonance) between the two structures. Figure 6 Evaluation for the phase transition barrier from hC28 to S2, and from S2 to hC28.
Elastic property, mechanical stability, and XRD spectra
We have performed a series of calculations to obtain the elastic constants of hC28 and to infer its mechanical stability. Due to the structural symmetry, there are five independent elastic constants C 11 , C 12 , C 13 , C 33 , and C 44 . Their calculated values are listed in Table 2 , along with results for S1, S2 and other typical materials. The values of the elastic constants meet the mechanical stability criteria for hexagonal phase [67] , namely C 44 > 0, C 11 > |C 12 |, and (C 11 +2 C 12 ) C 33 > 2 . In Table 2 , we also list the calculated bulk modulus (B v ), shear modulus (G v ), and
Young's modulus. One observes that these mechanical properties for hC28 are quite similar to those of steel. This suggests that hC28 may replace steel or used in combination with steel in potential applications. compared with other carbon phases, as well as experimental XRD patterns for detonation soot of TNT, diesel oil [68] and chimney soot [69] . Here, the x-ray wavelength is 1.5406 Å with a copper source.
To facilitate the experimental characterization of this new carbon phase, we simulate the x-ray diffraction (XRD) spectrum for hC28, and compare it to the other carbon phases, namely S1, S2, oC16, 3D-C5, bco-C16, graphite, M-carbon, diamond, and also to the experimental data from detonation soot of TNT and diesel oil [68] and chimney soot [69] . As we know, the measured XRD spectra reveal a substantial amount of amorphous carbon and provide clear evidence for several crystalline phases in the reconstructed specimen, such as graphite [ (002) [61] . The prominent peak for hC28 is located at 10.15°, which is close to that of S2 (~10.15°) and slightly larger than that of S1 (~9.65°). This peak can be discerned from peaks of other carbon phases, as shown in Figure 7 . Thus, although XRD cannot easily differentiate hC28 from S2, it will be of great value to distinguish hC28 (or S2) from other carbon phases.
Electronic band structure and emergent fermions
In Figure 8 , we show the electronic band structure for hC28 without SOC. . Of the band-crossing points, we will pay special attention to the following four: P1 and P2 at the point, as well as Q and R on the -A path.
We shall see that: points P1 and P2 are doubly-degenerate points with quadratic dispersions; Q is a four-fold degenerate birefringent Dirac point; and R is a triplydegenerate point.
In the following, we analyze them one by one. 
Quadratic contact point
Let us first consider the two doubly-degenerate points P1 and P2 located at the point. Through a careful scan of the band structure around P1, we find that the energy dispersion of the two crossing bands is of quadratic-type in all three directions. In Figure 9 , we plot the band dispersion around P1 in the -plane, which clearly shows the quadratic band contact feature.
The nature of quadratic dispersion as well as the low-energy quasiparticles can be captured by constructing a model. The symmetry at the point is of , and we find that the two degenerate states at P1 correspond to the two-dimensional The points P1 and P2 thus represent quadratic contact points, and the low-energy quasiparticles around them are the quadratic-contact-point fermions. 
Birefringent Dirac point
Next, let's consider the Dirac point Q located on the -A path as displayed in Figure   10 . as birefringent Dirac point [70] [71] [72] [73] , because there are two different Fermi velocities in the -plane which may lead to birefringent refractions at p-n junction interfaces [73] .
To characterize the emergent birefringent Dirac fermions, we construct the effective model around Q, following the similar method mentioned above. Using the and states as basis, the effective Hamiltonian around Q up to linear order takes the form
Here the wave vector is measured from Q, the energy of the Dirac point is set as the zero energy, and the real parameter A, B, C are the material specific parameters. The term represents a tilt of the spectrum along . Such birefringent Dirac fermions have been studied in the context of cold atoms [70] [71] [72] and recently found in the CaAgBi family materials with strong SOC [73] . Our result here shows the first example of spinorbit-free birefringent Dirac fermions. 
Triply degenerate point
For the band-crossing point R along the -A path, as shown in Figure 11 (a), one notes that it is located at the intersection between a doubly degenerate band and a nondegenerate band, so it has a three-fold degeneracy. The crossing bands correspond to the and irreducible representations of the symmetry group for -A. Due to time reversal symmetry, there is a pair of such triply degenerate points on the two sides of on the -axis. The band dispersion in the -plane for a constant value around R is plotted in Figure 11(b-d) . Exactly at R, one observes a Dirac-conelike spectrum formed by the top and bottom bands, with the middle band crossing the intersection point, leading to the triple degeneracy. For the -planes below or above R, two of the three bands still stick together forming a doubly degenerate point, while the remaining one is detached. One notes that since the ordering between the band and the band is inverted between and A, they must cross each other, forming the triply degenerate point.
Using the and states as basis, we can obtain the effective Hamiltonian (up to linear order) around the R point, given by
Here the wave vector and the energy are measured from R, and the materialsspecific parameters , and can be determined by fitting the DFT result. This model characterizes the low-energy quasiparticle excitations around R, which are the triple-point fermions. Previous works have reported triple-point fermions in a few noncentrosymmetric spin-orbit-coupled materials [74] [75] [76] [77] [78] [79] [80] , in contrast, their appearance here is in a spin-orbit-free system with centrosymmetry. 
Conclusions
In this work, we have proposed a new carbon allotrope-hC28. It is related to two other honeycomb carbon structures S1 and S2, which had been postulated to explain an experimentally synthesized new carbon phase, but we find that hC28 is more stable than the other two. We show that hC28 possesses exceptional stability. (i) It is energetically more stable than most other carbon phases (except diamond and graphite)
proposed or synthesized to date. (ii) It is dynamically stable without any soft phonon modes. (iii) It has excellent thermal stability, and can maintain its structure even at 2000 K. The other structure S1 would automatically transform to hC28 at room temperature. Based on these findings, it is quite plausible to suggest that hC28 may be the correct phase that was observed in experiment. In addition, we investigate the elastic properties of the material and demonstrate its mechanical stability. We find that the mechanical properties of hC28 are quite similar to steel, suggesting its potential to substitute or used in combination with steel in applications. Furthermore, we unveil interesting topological features in the electronic band structure of hC28. We show that there are multiple unconventional emergent fermions at low energy, including the quadratic-contact-point fermions, the birefringent Dirac fermions, and the triple-point fermions. We construct the effective models to characterize each kind of fermions. It should be emphasized that these novel fermions are spin-orbitfree, which are fundamentally distinct from their counterparts studied in strongly spinorbit-coupled materials. The spin-orbit-free quadratic-contact-point fermions and the birefringent Dirac fermions are uncovered here for the first time. Our work thus not only discovers a new carbon allotropic form, it also reveals remarkable mechanical and electronic properties for this new material, which may pave the way towards both fundamental studies as well as practical applications.
